The SVZ is the largest germinal region in the adult mammalian brain and harbors stem cells that generate olfactory bulb interneurons. The neural stem cells in this neurogenic niche are specialized astrocytes (type B cells) that give rise to rapidly dividing transit amplifying cells (type C cells) 1 . The majority of these cells then generate neuroblasts (type A cells) that migrate along the rostral migratory stream (RMS) and differentiate into granule and periglomerular interneurons in the olfactory bulb 1 . A small number of oligodendrocytes are also generated by the adult SVZ 2, 3 . Although much has been elucidated about the identity and lineage of SVZ stem cells, the regulatory mechanisms underlying in vivo stem cell self-renewal and differentiation are still largely unknown.
MicroRNAs (miRNAs) are small noncoding RNAs that are emerging as important post-transcriptional regulators and have been implicated in developmental and disease processes 4, 5 . miRNAs largely act as repressors of gene expression either by guiding the cleavage of their target mRNAs or by inhibiting their translation 4, 6 . Their ability to potentially regulate large numbers of target genes simultaneously suggests that they may be important sculptors of transcriptional networks. As such, they are attractive candidates for regulating stem cell lineage progression. We have identified several miRNAs that are expressed at different stages of the SVZ stem cell lineage, one of which is miR-124, the most abundant miRNA in the adult brain 7 . We therefore investigated the role of miR-124 in the adult SVZ neurogenic niche.
Previous work has shown that overexpression of miR-124 in HeLa cells shifts their mRNA profile toward a brain-enriched pattern 8 , whereas blocking miR-124 in cultured neurons leads to the upregulation of non-neuronal transcripts 9 . On the basis of in vitro overexpression in cell lines and in embryonic stem cells, it has been proposed that miR-124 mediates neuronal differentiation 10, 11 . This is achieved in part by targeting polypyrimidine tract binding protein 1 (PTBP1), a repressor of neuron-specific splicing 11 , and small C-terminal domain phosphatase 1 (CTDSP1, also known as SCP1), a component of the repressor element 1-silencing transcription factor (REST) transcription repressor complex 12 . However, probing the role of miR-124 in vivo has been challenging. Two studies in the developing chick spinal cord that investigated the role of miR-124 had differing findings. One reported that miR-124 had no effect on neuronal differentiation 13 , whereas the other reported that miR-124 had modest effects on promoting neurogenesis 12 . Thus, the in vivo role of miR-124 in neurogenesis is still unclear.
We found a previously unknown role for miR-124 in regulating the temporal progression of neurogenesis in the adult SVZ. miR-124 was first upregulated at the transition between transit amplifying cells and neuroblasts and was then further upregulated as neuroblasts exit the cell cycle. Blocking miR-124 maintained SVZ cells as dividing precursors, whereas ectopic expression of miR-124 promoted precocious neuronal differentiation. Knockdown of endogenous miR-124 during regeneration led to the formation of hyperplasias and a delay in neuronal regeneration. We identified Dlx2, Jag1 (also known as Jagged-1) and Sox9 as being miR-124 targets. We found that Sox9 is an important physiological target of miR-124 in SVZ neuroblasts, where Sox9 mRNA, but not protein, is present. Sox9 overexpression in SVZ cells abolished the production of neurons. In contrast, Sox9 knockdown led to increased neurogenesis and decreased glial formation. Thus, the protein levels of Sox9 must be downregulated for neuronal differentiation and are tightly controlled at the post-transcriptional level by miR-124 as cells progress along the SVZ lineage.
RESULTS miR-124 is expressed by neuroblasts in the adult SVZ niche
To determine the spatial and cell type-specific distribution of miR-124 in the adult SVZ neural stem cell niche, we carried out in situ hybridization using digoxigenin (DIG)-labeled RNA probes that were targeted to the mature form of miR-124 (Fig. 1) . miR-124 was expressed at low levels in both the SVZ and RMS (Fig. 1a-d ) and was greatly upregulated in mature granule and periglomerular neurons in the olfactory bulb (Fig. 1b,e) to levels that are seen in mature neurons throughout the brain ( Fig. 1h and Supplementary Fig. 1  online) . In contrast, miR-124 was not expressed in oligodendrocytes or astrocytes (data not shown). To distinguish which cell types in the adult SVZ express miR-124, we carried out in situ hybridization in combination with immunostaining for markers expressed at different stages of the SVZ lineage (Fig. 1f) . miR-124 was not expressed at the earliest stages of the lineage in brain lipid binding protein (BLBP)-positive SVZ astrocytes or in dividing doublecortin (DCX)-negative transit amplifying cells (Fig. 1g,h ), but was expressed in DCX-positive neuroblasts (Fig. 1g,h) . Notably, miR-124 was expressed in a similar pattern in germinal zones in the developing forebrain. miR-124 was largely absent in the ventricular zone at embryonic day 11 (E11), E14 and E17, with the exception of a few individual cells at E11 and E14 (Supplementary Fig. 1 ), which probably correspond to the first appearing neurons 14, 15 . At E14 and E17, miR-124 was highly expressed in the SVZ ( Supplementary Fig. 1 ) and was present at high levels in the cortical plate at E17 (Supplementary Fig. 1 ).
To confirm our in situ hybridization expression results, we used another approach to detect miRNAs in the adult SVZ. We recently developed a simple strategy to prospectively isolate cells at each stage of the SVZ stem cell lineage using fluorescence activated cell sorting (FACS) on the basis of the differential expression of glial fibrillary acidic protein (GFAP), epidermal growth factor receptor (EGFR) and mCD24 16 (Fig. 1f) . This approach makes use of the fact that activated stem cells express EGFR, as do transit amplifying cells 17 . By sorting from hGFAP-gfp mice, in which SVZ astrocytes express green fluorescent protein (GFP) under the control of the human GFAP promoter, activated stem cell astrocytes (EGFR positive) can be separated from niche astrocytes (EGFR negative) on the basis of binding to a fluorescently complexed EGF ligand. By combining these two markers with mCD24, which labels neuroblasts and ependymal cells with different intensities, but not astrocytes and transit amplifying cells, SVZ-activated stem cell astrocytes (GFAP + EGFR + mCD24 -), transit amplifying cells (GFAP -EGFR + mCD24 -) and neuroblasts (GFAP -EGFR -mCD24 low ) can all be isolated in a single sort 16 .
We therefore carried out quantitative RT-PCR (qRT-PCR) for miR-124 on FACS-purified SVZ cells. As seen by in situ hybridization, qRT-PCR confirmed that miR-124 was highly expressed in neuroblasts, as compared with other SVZ cell types (Fig. 1i) . In addition, by using the DNA dye Vybrant DyeCycle to separate neuroblasts at different stages of the cell cycle 16 , we found that miR-124 levels were higher in neuroblasts in G0/G1 phase than in S/G2-M phase (Fig. 1i) . Thus, miR-124 is upregulated as cells transition from transit amplifying cells to neuroblasts and is further upregulated as neuroblasts exit the cell cycle.
miR-124 knockdown retains SVZ cells as dividing precursors
Our expression analysis suggested that miR-124 is important for lineage progression during adult neurogenesis. To determine the functional role of miR-124, we carried out knockdown studies on FACS-purified SVZ cell populations. Mouse SVZ-activated stem cell astrocytes were plated at clonal density on neonatal (postnatal day 0, P0) rat cortical astrocytes in a coculture assay 18, 19 . We identified the progeny of plated SVZ cells using mouse-specific M2/M6 antibodies 19 .
To assess proliferation, we added BrdU during the final 24 h of culture. After 5 d in vitro, colonies containing postmitotic neurons (TuJ1 + BrdU -), dividing neuroblasts (BrdU + TuJ1 + ), dividing precursors (BrdU + TuJ1 -) and M2/M6-only cells were present (Fig. 2a) . The majority of M2/M6-only cells had a typical astrocytic morphology (Fig. 2a) ; we did not detect O4-positive oligodendrocytes in this coculture assay (data not shown), presumably as a result of the proneurogenic environment created by neonatal astrocytes 18 .
To block miR-124 function, we treated cultures with penetratinconjugated 2¢-O-methyl (2¢OMe) antisense miR-124 (AS-124) [20] [21] [22] , which is efficiently taken up by SVZ cells ( Supplementary Fig. 2 online) and knocks down endogenous miR-124 ( Supplementary  Fig. 2) . As a control, we used a 2¢OMe antisense RNA to miR-194 (AS-194) ( Supplementary Fig. 2 ), a microRNA that is enriched in liver and kidney 23 . miR-124 knockdown resulted in a B30% decrease in the total number of postmitotic neurons and an increase in the total number of dividing cells (1.7-fold relative to untreated culture (P ¼ 0.025) and 1.3-fold relative to AS-194 treated culture (P ¼ 0.012); Fig. 2a-d) . Analysis of individual colonies revealed that blocking miR-124 led to an increase of both dividing neuroblasts (TuJ1 + BrdU + ) and transit amplifying cells (TuJ1 -BrdU + ) (Fig. 2e) .
Blocking miR-124 caused an overall increase in the total number of cells ( Supplementary Fig. 2) , not only by retaining SVZ cells as dividing precursors in each colony, but also by increasing the total number of colonies formed in the coculture ( Supplementary Fig. 2 ). This could be a result of blocking the progression of precursors along the lineage at the transit amplifying stage. Alternatively, miR-124 knockdown may cause differentiating neuroblasts to revert back to an EGF-responsive state. We therefore used the neurosphere assay to directly address this question, as both activated stem cell astrocytes and transit amplifying cells generate neurospheres, but neuroblasts do not 16, 17 .
The number of neurospheres formed from unpurified SVZ cells that were treated with AS-124 increased 1.3-fold and 1.5-fold as compared with penetratin-only and AS-194-treated cultures, respectively (Fig. 2f) . To identify which SVZ cell types were being affected by miR-124 knockdown, we compared the neurosphere forming capacity of FACS-sorted populations from each stage of the lineage after culture with AS-124. Only the number of neurospheres formed by transit amplifying cells was significantly increased (1.4-fold relative to penetratin only (P ¼ 0.03) and 1.24-fold relative to AS-194-treated culture (P ¼ 0.04)) by miR-124 knockdown (Fig. 2f) . Notably, no neurospheres formed in AS-124-treated purified neuroblasts (Fig. 2f) , indicating that AS-124 treatment does not cause neuroblasts to revert back to an EGF-responsive state. Furthermore, miR-124 knockdown in purified neuroblasts did not affect survival (Fig. 2g) or their capacity to mature and extend neurites when cultured on laminin ( Supplementary Fig. 3 online) with continuous AS-124 treatment for 5 d. Thus, the onset of miR-124 expression as SVZ cells transition from transit amplifying cells to neuroblasts is important for SVZ cells to proceed from an actively proliferating state into differentiating neuroblasts in the SVZ stem cell lineage.
miR-124 overexpression promotes neuronal differentiation
To examine the consequences of ectopically expressing miR-124 at earlier stages in the SVZ lineage, we generated a replication incompetent retrovirus (RV-124) that encodes dual promoters driving the expression of miR-124 and GFP (Fig. 3a) . As a control, we mutated six nucleotides in the seed region at the 5¢ end of miR-124 (miR-124mt) ( Fig. 3b) to disrupt its interaction with miR-124 targets. Notably, the RV-124 retroviral construct produced physiological levels of miR-124 that were comparable to those expressed by G0/G1 SVZ neuroblasts (Fig. 3c) .
miR-124 overexpression had the opposite effect of miR-124 knockdown, which maintained SVZ cells as dividing precursors at the expense of neuron formation. miR-124 overexpression caused a substantial decrease in the overall proportion of dividing cells and an increase in the number of postmitotic neurons (RV-124 to RV-GFP: 1.42-fold, P ¼ 0.02; RV-124 to RV-124mt: 1.39-fold, P ¼ 0.009; Fig. 3d ,e). Analysis of individual colonies revealed that RV-124-transduced cells generated smaller colonies than RV-GFPtransduced cells ( Supplementary Fig. 4 online). Frequently, the colonies comprised only one or two postmitotic TuJ1-positive neurons, suggesting that miR-124 overexpression caused cell cycle exit. In addition, miR-124 overexpression also caused a significant decrease in astrocytic cells ('other' cells) (RV-124 to RV-GFP: 0.57-fold, P ¼ 0.029; RV-124 to RV-124mt: 0.51-fold, P ¼ 0.04; Fig. 3d,e) .
miR-124 regulates neurogenesis in the SVZ stem cell niche
To define the function of miR-124 in vivo, we analyzed the effect of miR-124 knockdown and overexpression on SVZ lineage progression under homeostasis (Fig. 4) . We stereotactically injected RV-GFP, RV-124mt or RV-124 into the SVZ of adult mice to infect dividing precursors. To block miR-124 in vivo, we implanted a mini-osmotic pump filled with AS-124 into the lateral ventricle immediately after RV-GFP injection. Whole mounts were dissected 3 d after RV injection (Fig. 4a,e) .
In vivo knockdown of miR-124 resulted in a B30% decrease in postmitotic neurons that was accompanied by a B1.5-fold increase in dividing cells (Fig. 4b-d) . Conversely, overexpression of miR-124 by RV-124 resulted in a B1.3fold increase in the proportion of postmitotic neurons and a decrease in dividing precursors (Fig. 4f-h) . Labeled neurons were present in the granule and periglomerular cell layers of the olfactory bulb 2 weeks after infection ( Supplementary  Fig. 5 online) , suggesting that miR-124 overexpression does not affect neuronal migration. Consistent with the above in vitro findings, miR-124 overexpression also led to a significant decrease in astrocyte-like cells in vivo (RV-124 to RV-124mt, P ¼ 0.046). However, ectopic expression of physiological levels of miR-124 did not appear to impair the production of Olig2-positive oligodendrocyte lineage cells (Supplementary Fig. 5 ).
Blocking endogenous miR-124 delays neuronal regeneration
The adult SVZ rapidly regenerates after anti-mitotic treatment (Fig. 5) . When the SVZ was depleted of transit amplifying cells and neuroblasts using cytosine-b-D-arabinofuranoside (Ara-C), SVZ stem cells astrocytes that did not divide during Ara-C treatment proliferated and regenerated the network of chains of neuroblasts via transit amplifying cells (Fig. 5a-c) 1, 24 . Differentiating neurons first appear in foci after 4.5-5 d of regeneration (Fig. 5d,e) , and they formed migratory chains around 6.5-7 d (Fig. 5l,m) . Because regeneration only takes about 1 week, it is feasible to block miR-124 throughout regeneration and to directly ask whether miR-124 is required for neuronal differentiation itself or whether it regulates the timing of progression along the SVZ lineage. We infused Ara-C for 6 d to eliminate transit amplifying cells and neuroblasts. After Ara-C treatment, we implanted a pump containing either penetratin alone or AS-124 into the lateral ventricle for 5 or 7 d (Fig. 5a) . Notably, neuroblast foci were almost completely absent after 5 d of miR-124 knockdown. Very few TuJ1-positive (Fig. 5h) or DCX-positive (Fig. 5i ) cells were present in whole mounts of AS-124-treated brains. In contrast, the number of Ki67-positive cells increased twofold (AS-124, 2,852 cells mm -2 ; versus saline, 1,347 cells mm -2 , P ¼ 0.009, Newman-Keul test; versus penetratin only, 1,686 cells mm -2 , P ¼ 0.01, Newman-Keul test). Hyperplasias of dividing cells occurred frequently in the SVZ, suggesting that SVZ precursors failed to differentiate into neuroblasts and were retained as transit amplifying cells (Fig. 5g) . After 7 d of regeneration with AS-124 treatment, the proliferating SVZ precursors differentiated en masse into neuroblasts and formed large disorganized clusters (Fig. 5p,q) that disrupted the migratory chains present in control brains (Fig. 5l,m) . Thus, knocking down endogenous miR-124 delays regeneration, but does not permanently block neuronal differentiation. Together, our loss-of-function and gain-of-function analyses, both in vitro and in vivo under homeostasis and during regeneration, indicate that miR-124 is an important regulator of the timing of SVZ lineage progression at the transition from transit amplifying cells to neuroblasts.
Sox9 is a direct target of miR-124 in the SVZ lineage Individual miRNAs can regulate numerous target mRNAs at the post-transcriptional level 4 . To identify potential physiological targets of miR-124 in the SVZ, we performed a Gene Ontology analysis of computationally predicted targets from TargetScan 25 . We analyzed over-representation of Gene Ontology terms among miR-124 targets, comparing them to the mouse genome, and found that 'development' and 'cell differentiation' were significantly enriched (Supplementary Table 1 online). We also compared miR-124 targets with those of heart-enriched miR-1 (ref. Among the predicted cell differentiation targets were several that are known to be expressed in the SVZ and are involved in the progression of the SVZ stem cell lineage. These included Dlx2, a transcription factor that is involved in interneuron formation 17, 29 , and the Notch ligand Jag1, which is important for self-renewal in the SVZ 30 . Notably, Sox9, encoding an SRY-box transcription factor that has been implicated in glial cell specification during development 31, 32 and stem cell maintenance in the intestinal epithelium and hair follicle [33] [34] [35] , was also a predicted target. Unlike Dlx2 and Jag1, the role of Sox9 in the adult SVZ is unknown. We validated these three gene candidates as being miR-124 targets by carrying out luciferase assays (Fig. 6a) . The 3¢ UTRs of Dlx2, Jag1 and Sox9 were cloned into luciferase reporter vectors (Fig. 6b) and transfected with miR-124 into HeLa cells. miR-124 significantly decreased luciferase activity in all three constructs, with the largest effect being observed for Sox9 (P o 0.0001; Fig. 6a) .
Given the glial identity of stem cells in the adult brain, progression along the SVZ lineage into neurons requires that both glial genes and those involved in self-renewal be downregulated. As such, Sox9 is an attractive miR-124 target. miR-124 overexpression markedly reduced Sox9 protein levels in neonatal cortical astrocytes (Fig. 6c-f) and adult SVZ cells cultured as adherent cells with EGF ( Fig. 6g-i) , both of which express high levels of Sox9.
To investigate whether Sox9 is an in vivo target of miR-124 in the adult SVZ, we analyzed the expression patterns of Sox9 protein and mRNA by immunohistochemistry (Fig. 6j-m) and in situ hybridization (Fig. 6n-p) . Sox9 protein was present in ependymal cells and was expressed by all SVZ astrocytes and approximately 30% of transit amplifying cells, but not by neuroblasts (Fig. 6j-m) . Notably, although neuroblasts did not express Sox9 protein, they did have detectable levels of Sox9 mRNA (Fig. 6n-p) , suggesting that Sox9 is post-transcriptionally regulated by miR-124 in vivo. Indeed, knockdown of endogenous miR-124 with AS-124 resulted in the upregulation of Sox9 protein in dividing neuroblasts both in vitro (Fig. 7a,b) and in vivo in migratory chains (Fig. 7c-e) . Thus, miR-124 regulates endogenous Sox9 expression in the adult SVZ.
Sox9 protein was also expressed in neural stem cells in the ventricular zone of the developing brain ( Supplementary Fig. 6 online) . Notably, the onset of Sox9 in the forebrain paralleled that of miR-124, but they were spatially exclusive ( Supplementary Fig. 6 ). Therefore, it is very likely that Sox9 is also under post-transcriptional control by miR-124 during development.
Sox9 downregulation is required for neurogenesis
The in vivo expression pattern of Sox9 showed that it is downregulated during neurogenesis. To evaluate the effect of Sox9 overexpression, we generated a replication-incompetent retrovirus encoding only the open reading frame of Sox9 (RV-Sox9) and lacking the 3¢ UTR, which has two miR-124 target sites (Fig. 8) . miR-124 overexpression in SVZ adherent cultures led to a twofold increase in the number of neurons and a onethird reduction in the number of GFAP-positive astrocytes that were generated (Fig. 8a-c,h ). In contrast, Sox9 overexpression maintained SVZ cells as GFAP-positive astrocytes and completely eliminated neuronal production (Fig. 8d,h ). Simultaneous miR-124 overexpression did not rescue neuronal production in Sox9-overexpressing cells (Fig. 8e,h) . Neither miR-124 nor Sox9 overexpression affected oligodendrocyte formation. However, this may be a result of the low number of oligodendrocytes generated (data not shown).
Conversely, to investigate the effect of Sox9 knockdown on differentiation, we cloned two short hairpin (sh)RNAs, shSox9-C and shSox9-A, targeting Sox9 transcripts into a murine stem cell virus retroviral vector. As a control, we used a shRNA encoding a scrambled sequence (shRan). shSox9-C was more potent than shSox9-A at knocking down endogenous Sox9 and caused a fivefold decrease in Sox9 protein levels ( Supplementary Fig. 7 online) . In contrast, shSox9-A only mildly decreased Sox9 levels ( Supplementary Fig. 7) .
Knockdown of Sox9 by retroviral infection with RV-shSox9-C significantly increased (shSox9C to shRan, P ¼ 0.003; shSox9C to shSox9A, P ¼ 0.03) the proportion of neurons that were generated, mimicking the effect induced by RV-124 (Fig. 8b,f,g,i) . These results suggest that Sox9 is an important target of miR-124 in neuronal differentiation. No significant effect (P ¼ 0.6) was observed with either RV-Sox9-A or RV-Sox9-C on the production of GFAP-positive astrocytes (Fig. 8i) , suggesting that low levels of Sox9 expression are sufficient for maintaining astrocyte differentiation.
Thus, these functional experiments indicate that Sox9 transcripts interact with miR-124 at the transition of SVZ transit amplifying cells to neuroblasts and that downregulation of Sox9 permits neuronal differentiation. Altogether, our results suggest that Sox9 protein levels need to be tightly controlled in the SVZ lineage and that posttranscriptional regulation of Sox9 by miR-124 is an important step in the glial-to-neuron transition along the SVZ stem cell lineage.
DISCUSSION
We provide here the first evidence, to the best of our knowledge, that miRNAs are important regulators of adult neurogenesis in vivo in the SVZ stem cell niche. We found that the brain-enriched miRNA miR-124 was differentially expressed in neuroblasts in the stem cell lineage, with its expression increasing as the neuroblasts exit the cell cycle. Under both homeostasis and regeneration, miR-124 functionally regulated the timing of the transition between transit amplifying cells and neuroblasts by promoting neuronal differentiation and cell cycle exit and repressing genes that are important for stem cell selfrenewal and glial differentiation ( Supplementary Fig. 8 online) . Moreover, post-transcriptional regulation of Sox9 by miR-124 is a critical step that allows glial stem cells to transition into neurons in adult neurogenesis.
miR-124 was one of the first miRNAs that was identified in mammals as a result of its abundant expression in the mature brain 7 . Its temporal expression profile suggested that it may be involved in both brain development and in mature neuronal function 10, 36 . As previously reported 28 , we observed miR-124 expression in mature neurons, but not in glial cells. The first evidence that miR-124 may be involved in neuronal differentiation came from P19 carcinoma cells and embryonic stem cells 10, 11 . miR-124 may act in part by antagonizing the REST pathway, which represses neuronal gene expression 9, 12 , and switching on neuron-specific splicing by targeting PTBP1, a repressor of pre-mRNA splicing in non-neuronal cells 11 . However, the in vivo function of miR-124 is unclear. One study in the developing chick spinal cord reported that blocking miR-124 had no effect on neurogenesis, whereas another suggested that miR-124 had a modest role in neuronal differentiation and cell cycle exit 12, 13 . The discrepancy between these results may be technical, as transient transfection of antisense oligonucleotides may not be sufficient to knockdown miR-124 levels because progenitor cells proliferate frequently and may dilute their efficacy. Furthermore, electroporation was used to introduce high levels of either miR-124 duplexes or precursors, which may overwhelm the capacity of the endogenous miRNA processing machinery to produce the normal complement of miRNAs and could possibly cause off-target effects.
We identified at single-cell resolution the cells that expressed miR-124 in vivo in the adult SVZ and quantitatively analyzed miR-124 expression levels in FACS-purified populations. These approaches revealed that miR-124 acts at the transition from transit amplifying cells to neuroblasts. By manipulating the physiological levels of miR-124 in purified SVZ cells in vitro and in vivo, both under homeostasis and regeneration, we were able to define the function of miR-124 in adult neurogenesis. We found, consistent with a previous study in the developing spinal cord 12 , that miR-124 promotes neuronal differentiation and cell cycle exit in the adult SVZ. Our observations further suggest that miR-124 is not involved in neuronal versus glial cell fate decisions. Loss of miR-124 in SVZ cells is not sufficient to cause gliogenesis, probably because neuron/glial fate decisions are made by other factors before endogenous miR-124 is expressed in vivo. Notably, we uncovered a previously unknown role for miR-124, namely the regulation of the timing of neuronal differentiation along the SVZ stem cell lineage. This is most clearly seen during regeneration, where blocking miR-124 led to a temporary arrest at the transit amplifying stage and the formation of hyperplasias, followed by a delayed burst of neuronal production. As such, we propose that miR-124 is important for the temporal regulation of progression along the SVZ stem cell lineage.
Stem cells in the adult SVZ are a subset of astrocytes. Progression along the SVZ lineage into neurons therefore requires the downregulation of genes involved in glial function and self-renewal. Consistent with this, miR-124 overexpression reduced the number of astrocytes formed. We focused on Sox9 as a physiological target of miR-124. Sox9 regulates glial fate specification and controls the transcription of glial gene networks in the CNS 31, 32 , as well as self-renewal in other stem cell niches. We validated Sox9 to be a bona fide miR-124 target and found that Sox9 protein levels can be directly controlled by miR-124 through its 3¢ UTR. Notably, Sox9 transcripts were present in neuroblasts, and coexisted with miR-124 both spatially and temporally. Furthermore, when we blocked endogenous miR-124, Sox9 protein was upregulated in neuroblasts, which are still in cell cycle. Thus, Sox9 levels are regulated in neuroblasts post-transcriptionally by miR-124. It will be interesting to determine whether Sox9 directly regulates the cell cycle. Our data further suggest that the downregulation of Sox9 is necessary for neuronal differentiation. In vivo, Sox9 levels decreased as cells progressed along the SVZ lineage and Sox9 knockdown in SVZ adherent cultures led to an increase in the number of neurons that were formed. Because Sox9 is expressed in multiple SVZ cell types, including stem cells and transit amplifying cells, conditional knockout of Sox9 in a cell type-specific manner will be required to dissect its role in vivo in stem cell self-renewal, proliferation and gliogenesis.
Two models of miRNA repression of target genes have been proposed: complete elimination of protein expression and balancing of target protein levels 37 . Most reported miR-124 targets, including . 13) , as well as Sox9 and Jag1, two targets that we describe here, show reciprocal protein expression with miR-124, suggesting that miR-124 keeps these genes silenced. In contrast, miR-124 and Dlx-2 protein are simultaneously expressed in SVZ neuroblasts, with Dlx-2 levels being lower in neuroblasts than in transit amplifying cells 17 . This suggests that miR-124 balances Dlx-2 translation to a defined level as cells differentiate.
The expression of miR-124 is thought to be regulated by REST 9 . This zinc-finger repressor negatively regulates many neuronal genes in stem cells, progenitors and non-neuronal cell types 38 . Potential REST binding sites are located near all three mir-124 loci 9 and miR-124 upregulation is probably a result of de-repression of the RESTrepressor complex during neuronal differentiation. Indeed, miR-124 expression is upregulated in Rest +/-embryonic stem cell lines 39 . One component of the REST repressor complex, SCP1, is among miR-124's targets and is expressed in the ventricular zone germinal region in the developing spinal cord 12 . By targeting SCP1, miR-124 may reinforce its own expression in neurons by repressing REST activity. It is important to note that miR-124 continues to be expressed by mature neurons throughout the brain, suggesting that miR-124 probably has other physiological functions in mature neurons, in addition to its functional role in neurogenesis.
Here, we show that miRNAs regulate adult neural stem cell lineages in vivo. It will be important to define the full complement of miRNAs that are expressed at each stage in the SVZ lineage to uncover their regulatory networks and to compare them with those involved in other neuronal systems 40 . miR-124 is important in maintaining SVZ homeostasis, as it regulates the number of progenitors and the timing of neuronal differentiation. Understanding the pleiotropic effects mediated by miR-124 may uncover new approaches toward stimulating neurogenesis in non-neurogenic brain areas and toward inhibiting the progression of brain tumors 41 .
METHODS
Animals. All animal care was in accordance with institutional guidelines and was approved by the Institutional Animal Care and Use Committee of Columbia University. Details for immunostaining, FACS, cell culture, retroviral constructs, luciferase reporter assays and western blots are described in the Supplementary Methods online.
In situ hybridization. miRNA probes were generated with the mirVana probe construction kit (Ambion). For detecting sox9, we used I.M.A.G.E. clone ID 3666566. In vitro transcription of DIG-labeled RNA probes was performed according to manufacturer's protocols. Embryonic brains from stages E11, E14 and E17 and 2-month-old CD-1 mice (Charles River Lab) were perfused with 3% paraformaldehyde (PFA) and 0.1% glutaraldehyde (for miRNA, wt/vol) or with 3% PFA alone (for Sox9). Brains were immersed in 30% sucrose (wt/vol), embedded in Tissue-Tek optimal cutting temperature compound and sectioned on the cryostat. We acetylated 12-mm coronal or 25-mm sagittal sections and hybridized them with DIG-labeled RNA probes overnight at 42 1C (miRNA) or at 68 1C (Sox9). Sections were washed extensively and treated with RNase after hybridization. Signals were revealed using alkaline phosphatase-conjugated antibodies to DIG (1:4,000, Roche) and nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolylphosphate, toluidine salt.
FACS. The different cell types of the SVZ lineage were purified as described previously 16 . See Supplementary Methods for more information.
RNA extraction and qRT-PCR. For qRT-PCR of miRNA, the small RNA fraction was isolated with the mirVana miRNA isolation kit (Ambion) and 250 pg were used for each reaction. qRT-PCR was performed in triplicates using SYBR green on a Stratagene MX3000 thermocycler (Stratagene). The threshold cycle (Ct) value was determined using the automatic baseline determination feature on Stratagene MX3000 and the relative expression of miR-124 was normalized to 5S rRNA by 2 -DCt .
Penetratin 1-mediated delivery. Antisense 2¢Ome RNA oligonucleotides containing a 5¢ thiol group (Dharmacon) were conjugated to penetratin-1 (Qbiogene), as described previously 22 .
Cocultures. Cocultures were based on previously described protocols 19, 42 and adapted to FACS-purified SVZ populations. Detailed procedures are described in the Supplementary Methods.
Neurosphere assays. Neurosphere assays were carried out using FACS-purified SVZ populations as described previously 17 .
Neuron survival assays. FACS-purified SVZ neuroblasts (CD24 low population) were plated at 20,000 cells per cm 2 on 16-well LabTek chamber slides coated with 0.5 mg ml -1 poly-D-Lysine (Sigma) and 0.01 mg ml -1 Laminin (Sigma). Cells were cultured for 5 d in NB/B27 medium with 200 nM penetratin1-conjugated antisense 2¢OMe-RNAs. Cell Tracker (1 mM, Molecular Probes) was added to the cells for 30 min at 37 1C before fixation and staining.
Adherent cultures. Adult SVZ cells were dissociated and plated on 16-well LabTek chamber slides coated with 0.01 mg ml -1 Laminin at 10,000 cells per cm 2 . Cells were grown in DMEM-F12 supplemented with N2, 2 mM glutamine, 20 mg ml -1 insulin, 15 mM HEPES and 20 ng ml -1 EGF.
Animal surgery. Retroviruses (0.2 ml with 8 mg/ml polybrene in solution) were stereotaxically injected into the two hemispheres of anaesthetized 2-month-old CD-1 mice (coordinates relative to bregma: [0, 1.4, 1.6], [0.5, 1.1, 1.7] and [1, 1, 2.3] for anterior, lateral and depth, respectively). After 3 d, mice were perfused with saline and SVZ whole mounts were dissected, fixed and processed for immunostaining. To block miR-124 in vivo, we delivered 4 mM of penetratinconjugated 2¢OMe-RNAs in 100 ml saline by micro-osmotic pump (1007D, Durect) into the right ventricle (0, 1, 2.6 for anterior, lateral and depth, respectively) directly after retroviral injection. Only cells in the right SVZ were quantified in the miR-124 knockdown experiment. For the regeneration assay, micro-osmotic pumps filled with 2% Ara-C (Sigma) were implanted onto the surface of the brain, as described previously 24 . After 6 d of Ara-C infusion, the implant was replaced with a second pump filled with penetratin-conjugated 2¢OMe-RNAs for an additional 5 or 7 d.
Quantification and statistical analysis. Images were taken under the 20Â objective of the inverted Axiovert200 microscope (Zeiss). Cells were quantified blind using the ImageJ software. A minimum of 20 randomly chosen fields were quantified for the neuroblast survival and adherent culture assays. In the coculture experiments, we counted all of the M2M6-positive or GFP-positive cells that were present in the wells. All experiments were done a minimum of three times. Statistical comparison of data sets was performed by two-tailed paired Student's t test unless otherwise noted.
Computational analysis of miR-124 targets. The Functional Annotation Clustering and the overrepresentation statistics of the predicted miR-124 targets (TargetScan) was performed by DAVID-EASE software (http://david.abcc. ncifcrf.gov/ease/ease.jsp). Potential miR-124 targets with the highest EASE scores (Cell Differentiation) were further confirmed by their expression pattern in Allen Brain Atlas (http://mouse.brain-map.org/welcome.do).
Note: Supplementary information is available on the Nature Neuroscience website.
